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superconductivity? 



OO 



H. J. Kaufmann 

Interdisciplinary Research Centre in Superconductivity, University of Cambridge, Madingley Road, Cambridge CBS OHE, UK 
and Department of Earth Sciences, University of Cambridge, Downing Street, Cambridge CB2 3EQ, UK. 

Oleg V DolgovB 

P. N. Lebedev Physical Institute, 117924 Moscow, Russia. 



(N 



E. K. H. Salje 

Interdisciplinary Research Centre in Superconductivity, University of Cambridge, Madingley Road, Cambridge CBS OHE, UK 
and Department of Earth Sciences, University of Cambridge, Downing Street, Cambridge CB2 3EQ, UK. 



S3 
O 
o _ 

u • 

Of 

S3 ; 



-a 

S3 
O 

o 



> 

m 
o 

OO 

On 

-i— > 
c3 



i 

S3 
O 

o 



X 



We have analysed optical reflectivity data for 
Bai-zK^BiOs in the far-infrared region using Migdal- 
Eliashberg theory and found it inconsistent with standard 
electron-phonon coupling: Whereas the superconducting 
state data could be explained using moderate coupling, A = 
0.7, the normal state properties indicate A < 0.2. We have 
found that such behaviour could be understood using a simple 
model consisting of weak standard electron-phonon coupling 
plus weak coupling to an unspecified high energy excitation 
near 0.4 eV. This model is found to be in general agreement 
with the reflectivity data, except for the predicted supercon- 
ducting gap size. The additional high energy excitation sug- 
gests that the dominant coupling mechanism in Bai-^K^BiOs 
is not standard electron-phonon. 
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The high-T c oxide superconductor Bai_ 2; K 2 ;Bi03 
(BKBO) has attracted much attention in recent years. 
Its relatively high T c (~ 30 K), cubic structure in the 
superconducting phase, and availability in thin film form 
has made it an attractive candidate for microwave and 
tunnel junction devices. 

From a theoretical point of view BKBO is interest- 
ing because it shows features of both the classical su- 
perconductors and the cuprates. Its parent compound 
BaBiC>3 has the perovskite structure. It is a charge- 
density-wave insulator, similar to the uadoped cuprates 
which are antiferromagnetic insulators.EJ BKBO shares 
with the cuprates an asymmetric background in tun- 
nelling conductancep the overalLbehaviour of the reflec- 
tivity and energy loss function^ and a very high ratio 
of T c to the density of states at the Fermi level N(0). 
The latter is an extremely unfavourable situation for 
phonon-mediated superconductivity. On the other hand, 
BKBO has noJayered structure, its parent compound 
is diamagnetic,Q and the charge carriers are elections BeI 
It has a well-dcfppd gap feature in the opticaltrQ and 
tunnelling dataErEJ and shows a sizable isotope effected 
These latter properties suggest that BKBO is a classical 
electron-phonon s-wave superconductor. 

Within this standard mechanism moderate to strong 



coupling, A ~ 1, is required to account for critical tem- 
peratures of T c ~ 30 K. The observations of the gap size 
yield values for 2A/fcBT c between 3.5 and 4.2, allowing 
weak to strong electron-phonon coupling. Marsiglio et 
al [ R| have analysed the imaginary part of the optical 
conductivity of BKBO from Ref. [ §. They find that 
the electron-phonon coupling must be weak, A w 0.2, to 
explain the data. Recent density functional-calculations 
for BKBO yield an average value A = 0.29a This could 
imply that standard electron-phonon coupling is not the 
dominant coupling mechanism in BKBO. 

In this paper we have studied the far-infrared (FIR) 
reflectivity data for Bao.6Ko.4Bi03 from Puchkov et al 
directly. Analysing the data in the framework of stan- 
dard Migdal-Eliashberg (ME) theoryjlata we tried to 
find the simplest model that explains the observed data. 
We found that the reflectivity in the superconducting 
state can be accounted for assuming moderate electron- 
phonon coupling, A = 0.7. However, in order to describe 
the normal state data, A < 0.2 was required, in agreement 
with Marsiglio et al. A simple model that describes both 
normal and superconducting states, was found by intro- 
ducing an additional coupling to a high energy excitation 
near 0.4 eV. 

The standard framework for describing the optical re- 
sponse of high-T c superconductors is ME theory. Dis- 
regarding vertex corrections, expressions for the op- 
tical conductivity are well established in this strong 
coupling extension of BCS theory and can be found 
elsewhere. EZrE3 They require the solution of the Eliash- 
berg equations. Subsequently, the optical conductiv- 
ity can be calculated in the local limit using the stan- 
dard theory of the electromagnetic response function. 
This approach can describe the overall behaviour of the 
optical, response of high-T c compounds in the normal 
statc.Ea To explain their optical response above and be- 
low T c in detail temperature dependent mid-infrared 
(MIR) bands should be included, pas we have recently 
shown for La2-a;Sr 2; Cu04 (LSCO)£H The measured re- 
flectivity from Ref. [ || shows notable temperature de- 
pendence only in the FIR region. A simple model can 
therefore consist of two components: a) a free carrier con- 
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tribution treated within ME theory and b) a temperature 
independent MIR band. The latter was mainly included 
for completeness here since we tried to explain the ob- 
served temperature dependence in the FIR region. We 
modelled the MIR band by a simple Lorentzian dielectric 
function. To model the standard electron-phonon inter- 
action we used an Eliashberg-function a 2 F(uj) derived 
from tunnelling datalill, which is shown in Fig. |l|. Simi- 
lar results were obtained by several groups of investiga- 
tors and there is good agreement with measured phonon 
density r©f states for BKBO.E3 Measurements of the Hall 
numbered and the DC resistivityc-3 suggest a free carri- 
ers plasma frequency uip w 15000 cm -1 and an impurity 
scattering rate 1/Tj mp ps 150 cm -1 . The latter is close 
to l/ri m p ~ 180 cm -1 which is the value derived from 
a simple Drude fit of the optical data. Here we used 
1/Timp = 180 cm^ 1 and treated the plasma frequency as 
a fit parameter. The electron-phonon coupling constant 

oo 

\ = 2[ — a 2 F(Lo) (1) 
J w 



should be adjusted to yield the correct value for the su- 
perconducting transition temperature T c = 28 K. 
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FIG. 1. Eliashberg function a 2 F used to describe the 
electron-phonon interaction in BKBO. The inset shows 
a 2 F(uj)/uj for a combined model consisting of standard elec- 
tron-phonon coupling plus a high energy excitation as de- 
scribed in the text. 

However, A is directly linked to the temperature de- 
pendence of the FIR spectra: Strong temperature de- 
pendence of the FIR reflectivity indicates large A and 
vice versa. It is important to note that this correlation is 
an intrinsic property of ME theory which is not affected 
by the choice of 1 / r; mp and wp . Figure^ compares_nor- 
mal state reflectivity curves for BKBOHand LSCOcJ at 
different temperatures. Transition temperature, plasma 
frequency and impurity scattering rate are comparable 
in these materials. Although the overall behaviour of 
the reflectivity is qualitatively similar for these two com- 
pounds, there is a quantitative difference in their tem- 
perature dependence. The normal state optical response 



of LSCO could be accounted for using A = LOP but the 
temperature dependence of the BKBO data is far weaker, 
suggesting A < 0.2. 
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FIG. 2. Comparison between measured FIR reflectivity of 
LSCO and BKBO at different temperatures. 

The superconducting state of BKBO, on the other 
hand, is well described using moderate electron-phonon 
coupling, A = 0.7. This value yields the correct T c for 
the Eliashberg function shown in Fig. ^, assuming that 
the Coulomb pseudo-potential vanishes, fi* — 0, and it is 
in good agreement with far-infrarexL(FIR) transmission 
measurements at low temperatures E3 Figure]^ shows the 
calculated FIR reflectivity for these parameters, using a 
plasma frequency wp = 12240 cm" 1 and eoo = 3.0, and 
compares them to the measured curves. There is good 
agreement between model and experiment at 15 K and 
35 K, but at room temperature the model underestimates 
the measured reflectivity. 




; 300 k ; 

200 400 600 

Frequency to (cm" 1 ) 

FIG. 3. Measured (solid) FIR reflectivity of BKBO and 
calculated curves (dotted) using A = 0.7 and /i* = 0. 

Therefore, the temperature dependence of the nor- 
mal state data suggest weak electron-phonon coupling, 
whereas a fit of the low-temperature data can be achieved 
assuming moderate coupling. A possible explanation 
for such behaviour could be a strongly temperature de- 
pendent coupling constant a — a(T) in the Eliash- 
berg function ol 2 F(uj). In an early Raman study on 
Bao.6Ko.4Bi03, McCarty et al [ [2?]] found a phonon 
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peak at 325 cm -1 which developed a distinctive Fano 
line shape upon cooling, which could support this pic- 
ture. Different effective coupling strength above and be- 
low T c can arise if the electron-phonon interaction de- 
pends strongly on momentum. In this case the normal 
state can be described by A = Aq — Ai, where the Aj 
are Legendre components. In the superconducting state 
the gap function A(w) and renormalisation factor Z(u) 
are determined by Ao , whereas only Ai enters into the ex- 
pression for vertex corrections. In the simplest approach, 
neglecting vertex corrections, this notion results in dif- 
ferent coupling constants above and below T c . However, 
we found that this model can only account for the ex- 
perimental curves if one also allows for different plasma 
frequencies and different MIR bands above and below T c . 
Whereas the difference in wp could arise from neglecting 
vertex corrections below T c , it is difficult to see how this 
could effect the MIR band. We therefore rule out strong 
momentum dependence of the electron-phonon interac- 
tion as an explanation of the observed behaviour, at least 
in the simplest approximation. A full treatment, includ- 
ing vertex corrections, is beyond the scope of the present 
paper. 

Another way to reconcile weak electron-phonon inter- 
action with the observed T c would be the existence of 
an additional effective electron-electron interaction. For 
the_jcuprates such an approach was proposed very early 
oro but to date no conclusive evidence has been pro- 
duced in its favour. If the energy of the additional cou- 
pling mode lies in the region of phonon frequencies it 
cannot be distinguished from standard phonon modes. 
It would have to be strongly coupled to the electrons to 
account for the observed T c and should be visible in tun- 
nelling spectra. Thus, if an additional contribution exists 
it must be at energies well above the maximum phonon 
frequency w p h ~ 700 cm -1 . In the ME approach using 
only standard electron-phonon interactions such a high- 
energy mechanism would result in a negative Coulomb 
pseudo-potential. For BKBO we found that the normal 
state reflectivity and T c can indeed be reproduced as- 
suming A = 0.1, [i* = -0.074, w P = 15080 cm" 1 , and 
6oo = 3.1. These parameters are in good agreement with 
the results of Ref . [ . Weak standard electron-phonon 
coupling is also in agreement with the observed isotope 
effect in BKBO. For weak to moderate coupling strength 
one can use the phenomenological equationE2l 
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1.04(1 + A)(l 



[A-/i*(l + 0.62A)] 



0.62A) , 2 



(2) 



which is based on McMillan's approximate formula for 
T c . Loong et al report a = 0.42 ± 0.05. Moderate cou- 
pling, A = 0.7, would then require /i* = 0.13, which 
yields a critical temperature of only 15 K, whereas weak 
coupling, A = 0.1, suggests [i* = 0.26 or a substantial 
negative Coulomb pseudo-potential, /i* = —0.059, indi- 
cating again the presence of a high-energy contribution. 
For A = 0.1 and ^* = -0.074, Eq. (§) predicts a = 0.40, 



which is well within the error margins of Ref. [ [T^] . 

We have studied a model consisting of two distinct con- 
tributions in the Eliashberg function a 2 F{Lo): The stan- 
dard phonon spectrum shown in Fig. [l] plus a high energy 
excitation centred at frequency Q c > c^ph, modelled by a 
Gaussian peak of width 400 cm -1 . The electron-phonon 
coupling was fixed to 



\ ph = 2 J ^Vfh = 0.1 



(3) 



and for simplicity we chose fi* = 0. The respective cou- 
pling strengths of the standard phonon spectrum and the 
high energy contribution can be observed in the inset of 
Fig. ^] where a 2 F{uj)/u) is plotted for a typical case. To 
derive T c from the calculated optical conductivity in this 
model, we calculated the London penetration depth Al, 



A L 2 (T) = lim 47TW Imer(cj, T), 



(4) 



and extrapolated A L 2 (T) for T -> T c . We found that the 
normal state reflectivity is unaffected by the existence of 
the high energy mode as long as the total coupling is 
weak, A < 0.4. This puts a lower limit to fl c , fi c > 1500 
cm -1 . Keeping T c fixed, we varied O e between 2000 
cm -1 and 7000 cm -1 . The superconducting state was 
little influenced by the position of the high energy peak. 
The calculated gap size was unchanged whereas the filling 
of the gap at T < T c decreased slightly with increasing 
il c . For £l c > 7000 cm -1 the gap size started to de- 
crease. There is therefore some ambiguity in the position 
of the high energy excitation. For simplicity we tried to 
keep fi e small. Figure || compares the calculated reflec- 
tivity for f2 c = 2900 cm -1 to the experimental curves. 
The other parameters were A = 0.34, ujp = 14530 cm , 
and Coo = 1.43. There is fair agreement between model 
and experiment in the normal state whereas in the su- 
perconducting state the calculated gap size is somewhat 
too small. We found that for all f2 e the gap size is closer 
to the BCS limit, 2A/fc B T c = 3.53 than to the mea- 
sured value, 2A/fceT c = 4.2 ± 0.5. This discrepancy is 
consistent with the fact that the overall coupling in our 
approach was still weak, A < 0.4. Even including a high 
energy excitation in the model requires A > 0.7 to repro- 
duce the measured gap size. The superconducting gaps 
reported in the literature vary from 3.5 to 4.2. A possible 
explanation for the large gap observed in the reflectivity 
could be found in the notorious inhomogeneity of BKBO 
in terms of potassium content and structural defects at a 
microscopic scale, i. e., the T c probed locally in the opti- 
cal experiment could be somewhat higher than the bulk 
value. Also shown in Fig. |] is the calculated reflectiv- 
ity at 15 K assuming stronger coupling, A = 0.35, which 
corresponds to T c = 32 K. Here, the observed gap size 
is accounted for. We note that due to the presence of 
the high energy contribution in a 2 F only small changes 
in A are required for notable changes in T c . Generally, 
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we found that in the superconducting state this model 
behaves like a standard weak coupling electron-phonon 
superconductor, albeit with a high T c . The critical tem- 
perature agrees remarkably well with the, prediction of 
the phenomenological McMillan formula,!^ 
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1.04(1 + A) 
A-/i*(l + 0.62A) 



where 
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(5) 
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on any of the ions involved. One possible candidate 
might be structural fluctuations: superconductivity oc- 
curs in BKBO just above the metal-insulator (MI) tran- 
sition (x — 0.37) which practically coincides with the or- 
thorhombic (Ibmm) to cubic (Pm3m) phase transition. 
At low temperatures, structural fluctuations could pre- 
vail in the cubic phase and couple to the electrons. If 
these fluctuations involve large clusters of ions they could 
have very high excitation energies. This picture would 
explain why the maximum value of T c is observed right 
after the MI transition and subsequently decreases upon 
doping and it conforms with the discrepancy between the 
measured and calculated gap size. 



is a characteristic frequency in a 2 F(u>). The penetra- 
tion depth Al(0)/Al(T) follows the phenomenological 
1 - (T/T c ) 4 behaviour, and for A = 0.34 we found 
Al(0) = 3570 A, in goad-, agreement with literature val- 
ues of 3300 ± 200 AHeI The calculated dielectric loss 
function — Ime _1 (w) was proportional to u> 2 at low fre- 
quencies and had a (first) peak at 1.54 eV, in agreement 
with the results of Ref. [ [|] . In Fig || the calculated DC 
resistivity (A = 0.34) is compared to the results from Ref. 
[ |32| for a BKBO sample with gap value Ao = 3.8 meV. 
Both curves show the same overall behaviour, indicating 
that the model discussed here is in general agreement 
with independent measurements. 
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FIG. 4. Measured (solid) and calculated (dotted) FIR re- 
flectivity of BKBO, assuming weak electron-phonon coupling 
plus an additional peak in a 2 F(uj) as described in the text. 
The dashed line is the calculated curve at 15 K for a stronger 
high energy peak (T c = 32 K). The inset shows measured and 
calculated curves at 15 K on a wider frequency scale. 

Thus, the optical reflectivity of BKBO measured in 
Ref. [ |§|] cannot be explained by standard electron- 
phonon coupling ME theory but suggests that the dom- 
inant mechanism is coupling to a high energy mode. It 
would be very interesting to perform more FIR measure- 
ments on BKBO to confirm these findings and to anal- 
yse them in more detail. The nature of the high energy 
excitation in our model is so far unclear. A magnetic 
mechanism, widely favoured in the cuprates, must be 
ruled out for BKBO since there arc no local moments 
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FIG. 5. Measured and calculated DC resistivity for BKBO, 
assuming weak electron-phonon coupling plus an additional 
peak in a 2 F(uj) as described in the text. 

In summary, we have studied the optical reflectivity 
of BKBO from Ref. [ § in the ME approach. We found 
that whereas the low-temperature data suggested moder- 
ate electron-phonon coupling, A = 0.7, the normal state 
data cannot be explained unless A < 0.2. To account for 
such behaviour, we used a model consisting of weak stan- 
dard electron-phonon coupling plus weak coupling to a 
high energy excitation near 0.4 eV. We found that this 
model behaves like a standard weak coupling electron- 
phonon superconductor, albeit with unusually high criti- 
cal temperature. In contrast to the measured reflectivity, 
the predicted superconducting gap size is BCS-like. The 
model is in general agreement with independent measure- 
ments of the isotope effect, penetration depth, dielectric 
loss function, and DC resistivity in BKBO. 
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